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Experimental Study on Possible Factors to Influence

Fundamental Thermal Noise in Optical Fiber

Junchao Huang

Directed by: Tang Li

Abstract

The content of this thesis is the author’s main works during the period of study
for Master degree, including experimental study on the possible factors to influence
the fundamental thermal noise in optical fiber and some works on optimizing the fiber
stabilized laser.
| In many fiber-based systems, including interferometric fiber-optic sensors, fiber
lasers, and fiber-delay-line stabilized lasers, the resolution or the frequency stability is
limited by the fundamental therrhal noise in optical fiber. Therefore, it is quite
important to deeply research the fundamental thermal noise theoretically and
experimentally. There are two theories of the fundamental thermal noise in optical
fiber. The first one is Thermoconductive Noise Theory proposed by K. H. Wanser and
S. Foster et al. It is proved to be consistent with the experimental data in the high
frequency range. The another one is Thermomechanical Noise Theory proposed by
Duan Lingze. It predicted a I/f spectral behavior of the thermal noise at low
frequencies. A  measurement of the fundamental thermal noise in optical fiber
down to infrasonic frequencies for the first time was performed in our group and we
found that the noise spectrum roll as 1/f at low Fourier frequencies. Additionally, the
experiment observed that  the level of thermal noise is proportional to the fiber
length and  polyimide (PI) coated fiber which has thinner coatings has lower noise
level than SMF-28 fiberin the low frequency range. However, the experimental

data is not consistent with the Duan theory which indicate that the origin of the
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fundamental thermal noise in optical fiber at low frequencies is still an open
question. On this basis, this thesis further experimentally studies the possible factors
to influence the fundamental thermal noise in optical fiber, including the
concentration of the impurity ions in optical fiber, the tensions on fiber and the
bending radius of the fiber. Foster et al proposed that the spontaneous radiation
disturbance of rare earth doped ions may be the origin of the fundamental thermal
noise in active fiber in the low frequency range. There are no rare earth doped ions
but OH-. Ge*. P* in passive fiber. These impurity ions can absorb and emit photons
like rare earth ions. Therefore, we prepared several optical fibers with different OH
concentration to verify whether there is the same physical mechanism in passive fiber.
Experimental results show that the OH- concentration almost have no effect on the
level of thermal noise. In addition, we  repeated the measurement with the
pﬁre-silica—core fiber and found that the level of the thermal noise is same as the
standard fiber. Finally, we repeated the thermal noise measurement by changing the
tensions on fiber and the bending radius of the fiber. We found that the noise level of
the fiber under 0.1N tension is 3dB lower than that of the free fiber while the bending
radius of fiber has no effect on the thermal noise level. Currently, the most accurate
frequency standards are the optical clocks. Their accuracies are dominated by the
ultra-stablelasers which act as the local oscillators of the optical clocks. Besides, they
play key roles in modern precision measurement, such as gravitational wave detection,
precision testing of the theory of relativity. The lowest noise lasers are realized by
stabilizing laser frequency ont;) an ultra-stable high-finesse Fabry—Perot cavity with
the Pound-Drever—Hall (PDH) method. However, this approach requires stable and
precise alignment of free-space optical elements. The system is bulky fragile and
expensive and they are not easy to tune frequency. Compared to the cavity stabilized
laser, the fiber interferometer stabilized laser has merits such as small volume . simple
and robust system and easy to tune frequency. Another work of this thesis is

upgrading the fiber interferometer stabilized lasers, including active temperature
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control , thermal shielding system and low-phase-noise frequency synthesizer. For
active temperature control, we optimized the distribution of heating films and PID
parameters of control loop. reset the distribution structure of heating strips and use the
temperature controller to control the sealed aluminum box.The total temperature
fluctuation is less than 7mk for a period of 24 hours. Besides, by using the finite
element simulation software Thermal Desktop, we design a three-layer heat shields
and the thermal time constant can be dozens of days. Finally, we optimized the
low-phase-noise tunable frequency synthesizer to make it more compact. The residual
phase noise is less than -120dBrad*/Hz@1Hz which is approximately 5 dB lower than
that of the old system.

Key words: frequency stabilized laser, fundamental thermal noise of optical
fiber, fiber interferometer.
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FY DG FEAERME DL, 83 NRHCERM D F, S3iE N2 A D,
AR IR A, I FES, RRIF L. —~TXA—T4, &30 .
SeBALEE, AR, WMEABEERONE, FRRESHEALE ), ZBRRE
k. A, BRERNEMRNMAZER. WNEFKRHTA?

“ERATFA BN BRI R RN, METBM MR EE
R EIEOIRAE, BIEEARERF A EAREER.” A2 - B RZHU.
HSRATX R AR R AT BRI F A RBEA 2R TR, A2
BEFRK, MM “H” Bl “F£” Fiar. XRFAAAHBE%, HE—H: T
W, EE—%, HEAEPIREESIAEELE S8’ 4 AL
B RIA G, TR SEDE — MR — A s EE . TR
WEMEE, A rkEr, B M EEHEMEENHE A
HARIE—ER, BY BT E] P 58 R B AR A iR B, RS FELy BoR
B G. WTUAES, BASMEREZERT S, ERENEMNE X EHEA]
SR . RN AR AT AR REENENE, E—IdRBrkE.
KBS &1k, BRI RERRRE M R T et . IR B St R
[ElE b, AR EREL Y B AR 2], (K eh [ AT LAy “BE 7 R “PR] 7. k)
FEFERENFRRAE “F7, ™ M7 R ANANX—Eshid Bkl s . Yz
FE R, BERERMEBRNE B <R ka8, AMIBEENRNEE “K7,
RESEIR “BF” &, FeREMMUEH, Fal AR “BfR7. 0 “4” 2
SCRHERII AR, “H” EXCHARMARKRREY, “B” & O8Ik g%
A, W COhES” MEREMER A EN R T ERMENARERL. —Rzd
HZ /A HER T “ B 7 (9 —55 5. dtn] W E 22 A i —#%) 4,
BNT HEANRENRY R Es s, 1 E X R R4 X% HY B E HATE
BEINEER. FTCAL, B A S ME AT — R, X E—FEYRRmRERR.

NZAE L B R Al AT B TR AR IR . AEX e B BART, AR
AR RS B 20, B “45dH0. ESERIRE, SiEE S REARTS,
KT BRI, BRI T ANBEY .7 4T 2 o A2 AT
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H 12 MR AR 31556925.9747 432 —R 1 B7. #ithe SCRid % i e
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ORI T IR SR 4 133 TS NP RS AR R AR LY TR
SRR R ST 9 9,192,631,770 /& MRS gert i), B TSR A TR R AL T
I FE, {E - R R ] p i R BAr o TIPSR B AR e ) T R
Gi. ML E TR R .

1.2 BRFSREZ R B 4r [1-46]

PR 07 A AR 5 3 IR (T AR R 0 B 0
EE. SRELET (RAT. BT NHETHCLNRNSRLIE H2
hR. HHBRTR AR, BT BT SR T R,
FAERFRES. TR SRR, T A AT E (KR
B TR AR B — R I R, AR TR F—FR
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X AEWRER. BTERFRHESSIRESEERESZZIFTI,
R X R TSR ML 28 e R AR B AR A8, R ARAERG B ARG

19 42K, Maxwell, Kelvin 43532 H R - BRIT 3 £ 199k & IR 1F
BRI %8, 20 4 30 /8, Rabi A KR TR 1940 £, 1452
MR TR AR R Seab 25 5, FFHMATAE 1939 FEpiidie T HRMH T HRE
JETAhRITTREME . 7E 1945 SIS EYFSE S 0—IR S L, Rabi AFFTEA
BPIERENH Cs R TR 1944 ££, Rabi T ERE TR TTRIRG
WEERTE TURMIE 3, 1048 E, R H &R FE-2 0 Fia i d s EE XK
FRUER (NIST) HJ Lyons 338 mTh. BT 2 W #APAME, &9 73R
gyeinge, SBRKYReEEE, UEEE FISREME, BRERIET
JEFEPEITTIT . 1950 4, Rabi %4 Ramsey IR T OB IRGHE AR, Z%H
RSB ERETRTIEL, KRR T RSl 1955 4, EEEZKSE
I%= (NPL) fJ Essen fl Parry Wil ot 7t LS — S HEIR T4, HEF—6
BT R R = B e, 5ILEIRF, Rabi B 54— 24 Zacharias 7E MIT
RIBET Rk Aash AL, 8 A AR IR B A SR ¥ 28 A 40 B A TR T B LR
K b, 1956 4E, FH— & AR 74 3£ E National A= #H&Ih. -8R
FRpEREE R 10°B%%, HEZEHEETAEESET GERS. 78 1958

AT R T 55 v, =9192631770 £ 20Hz, TAHEEE +20Hz JLTFEE 2

KRB IR . 1967 R TH AT S ERE 102 24, FHE 13 mERRT
B TR B AL B LB “Fb 133Cs R EASEBAREHRIT A
HAKY 9 192 631 770 fi5.” H ATHJR TG AT E EE LR 104 ER, —HE
1995 SE¥& IR T-HUbR FITEAE 4T R IX D40 3.

1954 F| 1955 4£, 2 [EAY Townes, FHEX[Y Basov il Prokhorov 43 7 7E S5 5
ST B A2 R B TBOK « Bloembergen 5 Z B ARTE 1956 4R T AR
WSS, Schwlow H1 Townes Fll FHiZF AL 1958 55| H0O6. Ramsey Fl
Rabi [Ri3LR TS T S 5. BT RASBERGHEAR, HRMEES
FRIZVE R AEF IR ], BB IER IF R Rt iz E, FIE
PR ML BB R KRR :

SRR AR MR R BT RERFE TR R EA T BERIHESIER.
1950 4, Kastler 3& H N A Y2200 77 v BRI ST RS & AR IR 7255 1953
£, Dicke KBH T FlFH I SRV BR i SE IR B 2 H B ARAE B HOR s 1956
4E Dehmelt EBH T F F 3 78 22 v SRR D SR B0 77 5k AT PUSRAR Tl iR
HILAR B, EESRENAST ZRETFH. 20 HZ 90 F40U5,
HTESREBORIIRE R, JeIRE i N T4 5 T R

£ Ramsey & H DB IRGHAB ARG A, Zacharias IR I T JH T BIR A
WAR, (2l TR E AR S 102m/s, B WAL L0 SRz dd.,
B R TR AR B R RS R 7R F SIS AT RE, Hansch AT Schawlow
BRI HEEA R FEAR, ZHEAEMATAHETR. 1989 %, S.Chu /b
AL T EHERETHR, FANRIAEFS5REMEELERNRES, NE
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experiment) PRI, Hr PARCE THRIZEFE A A i 46 S 7 ph SE LR 745
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BT, o R e AR, ROvIRE IR E L IE L T IR £k
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ME 1.1 fis, BETFHEEE =R (ERAARIRG SR L%
RO N A R TR B . AR,
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FAHAENEZ (CPT) ETFH%EE.
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ARE S 157 T2 08 T RS MO 2R 55— IR U 2 L A=
(E SERR A BOL S8 BT 2 A R BTG RIS RO P s &y, HAm R &R TEm X
FERLESE, Tk EEME R EGT ISR RN B

59T SEELAS 4 SR O IR B MO R 1R B, o T X GE HEAT AR,
Rl gk TREARMTE. ERRBOLREAR T EZ@ LK. Hil. #
HIEE LSRN, RRAVUIES) . BERIE. KRS EORRR
SEHISAI, XEEEE TR STasE. EERRBARRER— M R EREE
RS LA, W R RA M EEOCHRERESEHERMEMA . KiEiE
S ERRERR, FRFEARTEASHE, —RUSFRTFIEELT
OB NS BRI R S E BRI £, W22 AR, AR
SRR N R e R A . R ERIRB AR KRR E B LA R, EHl T
WO E B2 PR T E T4 FRRT AR ERIR, Sz R Prm R 56k sk
MBS EELE, FoRRUHERERIRARERNSERE, W
PDH(Pound-Drever-Hall) 7. JEXK, AMINER T AT HERIITE K
PDH 538 BB ) R, Bartt A B e & R mBot a6
B0V (2R AT e FT vEAEXHT PDH Jr ik, EAHEFERIAK
Rt

1.3. 1 BREERRAE R ORT St R

TR RA SO B RO A 2 K F B R OT R BIUE AL AR R RS
A B —F1% (Fabry-Perot, F-P) ZHIERIEIRIE L. XFERCE RISIRATE
sEthguE T FP 2E R,

1973 48, Barger[47]55 — R MR BAT -3 2 B AR SR 2R =
B, BEHME S MR A S RS AN SR . Rk, MR, A
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B A IR L R S B ALARST 5T AT B A T A B kit L2016

=5 R S A OARTE, XA PR G T O SR M R R AT B . 1982
4, Wieman 1 Gilbert[481F| I TH XM RS HF=HREES, BT WHEH
B, 1983 4, Drever[4914% F — NS 78 KT I (4 i 451 28 (1 18 il (5 = 1 ol i
PIASHMES, B8 T 4% /M 100Hz MEDE. X2 FT8 I PDH(Pound-Dreve
r-Hall) 773 . PDH J7ikgs & 7 EOLHRFRDEEE AR/ ZHWNEAR, BA
RS LT AR i, STBOEHIR (B TR Bk e AR R, Rk,
PDH J5yE3Z T RN B BT Il 7428 48 55 SO R 4 i iR F B 75

1999 4, EEE KRR AR (NIST) Kb BOLERE AL IEIR,
SRR E S 24cm BIY6EEIRE, JFFI I 3m KBS N B R G R BT E
XS EE N RGN, SO T 3.0x107, HIMLTE 0.6Hz MELTE
BOB[50]. 2005 48, EEK LA 2R =R e BRIRERERERN S LS
BT R %MK Nd: YAG BOLENEBE R ZEESER, LW T 1Hz
2555 I A2 2 SRRSO, [51]. 2006 4F, FEEYIEFECAW R HT@TB)W /N IR
W, EKFRENREERS S B I EmNEANNMA T #REE, K6
A SRS R ARPUE R %S EE b, RS 1Hz 285 17 & S B0t
[52]. 2007 4F, WefEEFWESE SNPLYFF S/ NAHE— B4R, K ERER
AT 22 B AR R 280 4 3 FR b DI B0 pa 3B o0 A RL, 1 Nd: YAG Bot &4
ERZSERE L, STIT 0.6Hz &I ELFHOG[53]. 2010 4F, Y.Y.Jiang[54]

W IR  R Fa s R R 2X10°7° ) 495 2 250 mHz. U, RA#R

IR B B L T MO R O 2 %M T ULE IRy =R . Bk, AR E et
BRI IR ME E. 2012 4, Kessler. T[55]1%85 A\l A9% F 5 @ A7
MEMCE ULE SRR S MERER. BT S S AR i S i R T
ULE, fiAI1SEER T B R EREN SR AL TEDE, HELH /N T 40mHz,

R X107 @ (0.1-108). LULFEINT, P EHICHT R B RE . AR

IS K 2 EL R DO P AR RE N 10716 AR BOL &S, HETFER . ERER
Oy ROUHEUTTEE AL IT R T M1 5SHT FE[40-42]

1.3. 2 AT SRR BOL RO IR

BB G T35 AR I 6 25 B2 1 F YA M O A I B BO SR AT
YR, HMAINRERT, RS AHE AR NRER L, SEUMEHE.
JATFHAEIFE T /RiEk (Michelson) FA. Sf-%E (Mach-Zehner) F
WA RIRTEF I :

FAXT TR I A R O B T TR B R, A ATX AT F AR a0
BT ABENRTIRSE, EKARFERRE. 1980 4, T.Okoshi[56]55 A HLF]
YA MR B AT OGS AR S B . 1989 4, Ying T.Chen[S7]E K& F
FH BB S 4F 3 AR 45 3 AT BO6Ra . 2002 4E, G.A.Cranch [58]F F B k- 1 1
(Mach-Zehnder) T4 HIXH B4 A R BOCEFBOG RS BOGTRE ML IMZR
WATHEE .. 45 REOLA X R E M /N T-120 dB/Hz@ (10Hz-1kHz), BOLMZE
MEFSFE 1 Hz B 10 kHz f9 {8 B b SR Y6 [ 3 IR i) 20 dB, AR FJY 1.5
Hz/Hz"»@]1kHz. 2008 4 Kakeru [59]15% AR HXURREIG S, JF LRICLE T
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ok A ERRFTRBEGRBRAL/AFL

TN B 25 B b S b R D BR B B AR BOCR R, S BB E R S
6x107 /NH: @IHz, 4x10°/VE: @lkHz ; #R % F A 20 Bz /NHz @11z

2 Bz 1Bz @80Hz KIRSIMIEES. 2009 4F, Fabien Kefelian[60]5% i 4122 AR
(O BRI O 2, SR O SRR ME T AE 1Hz B 10 kHz § RIS
S [ P R4 40 dB, SRR N 1 /e @) (1Hz-1kHz), 107 B2/ T2 @) kHz,

2010 4, Haifeng Jiang[611%5 R F T 251U S50 J7 58, PR 7 1A B 24 A K
(A S AR, SRR E R X 3] 40MHz/s,

1.3. 3 BEFERAABRNNARAZRER

72 4 T8 AU SR M D A B A IR B 0% LGB A BT AR R R Y
WEREIE, 9 AR NIRRT 532 Ty EoRTF B, Sty BLE X
[5] o 2457 2] o (e P SR AR B A FD, T L B BT RIS R C A& TT iR XM R AT TT
i T EAR RS REE  S . B, 58I B R R 6 e AT AR 2 e B I ] B9
AL SRR T HE AR S (WA R HD REANR “CHHE, TR RE T
A0 [62-66]. FHEESRATAT LA LATE 2 BORS BRI IEAR L [ SO 8[67-69]. #h4h,
WY 2 T e g9 R FI I 238 TORh R IR AL . e R A
(GPS) FNERZ S, TSI E R ERI[70, 71]. BT L TR
Sz A, SRR E RS, AR PREOEIGE72]. 51 1R
[73]s [74]. {EMERS (5 S 77 E75]. [T6IFNBIE ST YU A EZ MM

SRTTT T 10 2 HB A 45 48 3 RO B A A T AR SR AU G
HUR R AR TEENRAESE ., W TFBREFEERIMEOE, HF
SeffiERe e R A ST S RNMMR S, SRR, RSB B A g
7, TS T RSSO, HM A R B IR TR M A IE R . JEET
A R 75 ] S A B A R ST G B8 T RE AR T (OS2 B I 2

1. A XA RERRERTATRARHEN

e AAERIE T R T A TR T E T, IR ARIE BOGLT N Rz s,
BT BB K B R AT TR R SR AE AR, AU T LU
EOLSE, RERTORAMME RBEUOCLEOLR . Joelfeldnss, HIEAER
B2 o U IR TR LR A E R 7S, IR FE 64T A AR S 75, SR BB,
o B P Y 2T A AE P 75 1 7 vk B AR 2 R o

M SLHERR, B S JGLF AAE R 75 i T RE B FL A,
1989 4, W.H.Glenn[77]8 IR IHE T Y6384 th F #O % Hsh S SR B 20 1
i B A R B BT RN 25 1, it B R s 3 S R SR T &
g B AR A RIRI B . 1992 4F, Wanser[78[#2H T — AMEAH I A kMG
AR AR R, (HRMAEA LA ARG AT IR, 761996 4F, Alan
D.Kersey[79], 7E 2007 £E[80]F1 2009 4E[81], Foster % ABEAT 1 W EILLF AL
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o E A LSk FAURST BT A AT 5 A B it /2016 F

PR RS, SERER, AEEMREKXT 10KHz WX, HiiHES
IR A HAEE LT, HEEMEMXIK, Wanser BiG T2 5T HRE)
WS R, X 5SS AN . 2007 55, Foster[SOLE I X Yo A6 #3 H
W3S ICET B S1ZEHT, HES BB AS A AR E g AR, FRH A
FIESET, 535 Wanser B —BIIEE R, AT ATIRBREA T 6L LR
M B (IR . Wanser BRI Foster FLIE A NG AR AR e B SRR T e 4
AT S RIS TE, WAL SR AR, 2010 £, Duan Lingze[82]
ET YRR IR IR T — M A A GE g LS, BIHLRFERCT L
HLT R B R B2 e 4T A E S 75 kR . X & LA A #i8. Duan
R 7RI, KA FERILE 1/f B i%RE. 2012 4, Robert
E.Bartolo[83]F| Fi I fif- ¥ Y6 £F FI5 A AP AR E A B AT TR, HER
T, SR KT 30Hz B, Wanser EH{EA Duan EigTF H A8 S S N5 5056
BT/ E. ZMRNT 30Hz B, BT3B BOG G 7 DL K BRI s
FERIPRE, SCIOEIRIRIER AT . [F9, Duan[84)K R T LA AMERME = R,
) B E ES EE T G T PE SR DL PR S, FEoR 1R PIRRE
RGN AR iR R A SCHYT,  [RIRS il pe T 2 3 2R 13 FH 0 6] [ R
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Yok A ERRETRAENE DAL/ RFAL

2, RAFREABEEIRILRPLWNE

2.1 XAFMEHRBREER

ST HEFAAE PR TR B 18 T B4 NP RS — LA Wanser FIRH Foster
H AR E IO RAE BB, YORILEAE R P R IE T AR RIS
A HT R E; UL Duan ERCARER AN F B, YONPLEFERTE
AT BT B R B R 2T A PME 5 SRR T THI X 3K 7 o g e B
TN A

2.1.1 #EREBEFERP

Wanser[ 7814t T — A BIH0 A KA SLLP IR R E, B

R B @ >

Sy (@) = 2”kBTZL(ﬂ+na J In m\+(D)

! 2k \dar * B2y
2-1)

min D

S, TRI/RCERE, LRGAKE, 4RO

B
Ry
i
X
5
i

K, dfdl mapapscEpr 2%, n BRITEE, Y REREKR, <RHRE

BH, D RBYEBREL e 0 R S T A

H ERFT AR, JeeF A RIS SKEERIEL, SRR —RITRIEL.
ERSE R T YA AR AE R, RIS Wanser 3Ri, THE T 1km H 2km
{9 SMF-28 BB EFIAGT AR, M 2.1 P



o E A S ARSI BT AT R A i 3/2016 F

0 H
10 B o 1km fiber
L : g 2Ekm fiber
-20
et

BRI \*«5\
ol \\
P R R I B

1 10 100 1000 10000 106000
Fourier frequency(Hz)

-50

Frequencey noisc PSD(dB Hz'/Hz)

B 2.1 ¥ & 1km. 2km 45 SMF-28 469 KIE#E F K-F, £

8 SLAK[97]

BLUEH, RN, SRk 5MmEooct:; mAaeRMIXE, Ak
P 7 KT B AR 3 I RIE T . 1996 45, Alan D. Kersey[74]3#E4T 7l
B AL HEFERISEEE, 2007 4E[79]F0 2009 £E[75], Foster k4T T &L
&, fERKY, EEBEHHZE AT 10KHz B MIX L, LR 5HRHTE1
eI, HEEMRMXE, HLTNSEERERTEEATT. KR Wanser
HISEMRPIX IR EAN . 2458, R HT Wanser A 45 A Y Bk
SRR, AT R ARG B RIR R

Foster[80] %I 43 47 S %% )6 #F B 5 %5 ( Distributed Feedback Fiber Laser,
DFBFL) [#GIERE AT T M4, HER T AR ES,
W SRABTEE SN 1 F i Langevin 518, WIS H 7 EOBMREE ThR
e SRR E) L rRER, /)

S, (@) =£2Re[e”“2 PR (ka1 D)

4’k (2-2)

Rep K BRPUREEEH, T AT/RRE, FARGRY, b oanrelos

3, BOvRRERREIRGY, aOaBiAR.

Foster & T 43 i sl BOE A BOL 8 A ARAE e S, SRR i
X IR (10kHz~100kHz), i 53R EERET, (2L Wanser IR TRHIH
7 3dB. TMITEMRANEL, SEIO#HE IR T B0 5. [FIRHEAR X SR
TR 1/f MERS TR, BEJS, Foster[87161SHRAR X I 1/ W5 14 i 34T
TS ERER.

SRR BB MR, ERAEoeit, RSN R, HiAR
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Bk AERREFTREA LG ERAL/AFL

KA, SEAMEMRBIX IR, S0 1L AL B PO KT T Foster
S TR, B 0 B 55 2 TP A (R I e P R R TE
JEHLA] o

2.1.2 RAWHMREEIER
Duan Lingze[82]3 T HUMRFE SR T 1R 32 th T —Fh i (K6 £F AAE Hbe 7 4L

Bl PRSI, T UUAEROE AR ET KR B R, RN 1%
AR, AL AR — BIEE 2§ — TR, I 22 TR

X
A 2
- =Feosnt ‘ Fgosot -
S AT N
/)c;} /7
A v _
e d I +L2

B 22 kiFay— AT ERE, k8 THK[82]

SR R BB TR R R 1R B A R A Sh AR 2 T e O -

24,TLg, 1
SOSE4T g

FRBIIRMR L o L, L IR A e R B AT 7 B R
v

i f U,
107%
%
Exd 10232\\\\\‘\\
¥, _
E 107 -
o’ -0 m
15
19 —~1m
A w4 m
s - gy g » ]
10° 167 10 1¢°

frequency, Hz

B 23 RREGEAKREOKE A RRIERFER

B 23 HETEENOIm, 1lm A 10m KOLLAHKE R RMIIE L,
T ULEH 5B HY 6 27 AR E 0 75 70 (R DX I R B P 1) 1/ W s iR, T L
EHEERIER.

SCHER[841FI F — SR P FE B A G E I S T AU, JFHARR T
B — R SRS AT . G I Bh NG 75 i B — ARt N

14



W B2 B ik S B AR 50 P B 0 Bk X 2016

Si(@) = EkBTl Z 2501 _ 2¢N(a2))z 2
7 AE@w < N*[(1-0" | oy’ + 4y (@] (D-4)

Aoep, b RBUREEHS, TRIFRCRE, AKE, HRBKEE,

ARSABER, 5O R NPERIREEA, O R NBIERHR A, BEHR
FEAMS R E, WLEE

2k, Tlg, 3 1

m*AE0 < N’[(1-0" o) + &1 (5_5)

WE 2.4 FiR, B TImE SR AEEITA.
16°

S(w)=

Phase noise {rad/Hz"

13-“3 . . - L By
10° 10 107 10° 30° 10°
Frequency {Hz}

2.4 R RERESH (KK REFRE: BE R
h=00l ARk 7 s AR & B K A MR B e K 00!

B AR E . FER&k: 40l agE.)
E 2.4 PR RSE T LR, RHURMREE ERE R LR — R AR
PR, SR, B RTHISCI S E MR B %R IE

2.1.3 AESRESHIABRENEKR

BYFOCLT A RIB R I, FERakE 2 R — MBI E W 2T LA .
Duan [84]FIFINLIRFERAER 16, EHHEGHMERIRS, B8 A KRENZ TR
W

k. T ior? ior?
S..(0)=—2-—Re[ex NE 4
57 (@) = [exp( 2D) W 5D )]

(2-6)
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Yokt AERRETRAFGRBRFAL/EEL

e ks BRI BES, T RIFRCERE, [RAKE, FRASE, DA

ya, ©=a2) HohadRun s, BREYES R R (2-6) 5 Foster
EHB AT RS HOR T B AR R A — R

B DL S0 P AT H LRI P 2 (] B — M IR R KR R o ZERE T
AT T, SRR (R B e s 1 [ 3 P SR ) R A
b SN 7 R ph T A fe S BRSO AL 7 MU A 9 1 T P 38
BB .

2.2 RAKIERBE RIS TR E

2.2.1 XAXEAREIRABRER

Envirsmaeatal isolation system
it
AL s
FSL 3 FM
B
o FRMHZ
Tunahie
syitleesizer | _‘_"@
150t e
RY saivee

FET

B 25 A E L MEREE (AOM, acouto-optic
modulator, 5 £ A% %, PC, polarization controller, #3421 & PD,
photodiode, * %, FFT, fast fourier transform, Be iR 44 5 7t T # FSL,

fiber stabilized laser, X4 T BAEH B )

A 2.5 FrRMbF A A S SR EEE . SEE /KRBT —
AT EE LT AR (AOM), TERE IR E BRI RIS FMD,
SRR RS ARIE Y 5 5 SR IE S A — BoGAr, $RIH 3 TR B S 5 R I iR 5 1w
[As Ak, MTTHSUE B e Re i RIFER R M. SKBP, RADGA TG
PBOEEE (FSL) 1EMOBIR, WAL ERIEoL, @i 50/50 Medm—
ANHONERSY WIS, BN S B SRR T RE . R —ERIREOL
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o B A IR kR S B AURAT T SR AT 5 A iR /2016

SRR E (AOMD #EATBHL BHUHEINN T5MHz, T RABOLR
[RGB Y RHEE (AOMD, X—T B RRIOEEBIR 150MHz; 5—
BB XA FHENRIBOCHAUEE S0/50 e, potRE
WU BB —AMIEA 150MHz MISYE 5. I RVEIERS 5B s iR
SFEBRME S — B 150MHz (5 S TN B RIZESES, B4 HuEME R
ST ST (FFT) BEATHUE 4T, RIATBEISeA AL RMER AR
P

2.2.2 XAFIERBRETRBRFE DT

2012 #F, Robert E.Bartolo[83]8 {7 A B B A6 25 AU R S £F AR #
B TR, 4REH. BMEKRT 30Hz K, Wanser HigF Duan i1t
HGEESIINSRRHEIET /S, TR NT 30Hz B, SCIOHHERE G
AFF, BT EEEMBH R, KINZLISTE R X7 2 Bob e e 5 DL R
M5 RAT. RV E S &7 R BT S RIS AT.

il noisc of 1kah SMF.28
oise of 1k SMF-
4l rioise plus Therhoeond;

B oo

8

100 fafTre—g

-120

-140

Phase noise PSD(dB rad’/112)

AN
o
@

mismateh)

gy Beadial ivive of b soutes1m optical patk
; 1 notse of laser souted1m optical path
1 10 100 1600 10000 100000

180 |-

Fouriver frequency(Hz)

B 2.6 X4 KIEMR 5N E RIS F RO

o ERNTEOLERERRES, RETBAMEREREE, TRRAtA
ERITFEAL SFESSTINREMAAESE . ERTFEREKEELEREES
NATREM B A —HK, BRAKEZLRTE, BRIMEI RS RKPKE
ZEN] LG AR AT L RS AN

SEFIATFHAL HAAIEF Ap(f) SICITEIMFREE R Av(f) LR FR
AL(JQ:ZM’ (2-1)

Av(f)

W PLIG A F U5 ORI 3 06, PP IR EEZE 4L Im B
W, BB BT AP 22T 51 A G AR G 7 e Dy (6L MR 7 s A2
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Fratt A ERRAFTREFOERTL/AFHL

20log,, (Ag(f)) =20log,, 277 +20l0g, (A1)
:—150+2010g10 (Al)(f)) (2_2)

HELERINE 2.6 () Fim, ATLER, HEWEN 1Hz 3 1kHz EEA,
1m A5 BT 5N BO7E S A AL 7S LB T EEE R 2.6 (o) 1K 55dB, [
T A 0 R 22 B A2 I g 7 ] Y £ e 75 U B A sz m B2 ANt

YRk, Robert E.Bartolo[73]5% F 24 BRI J7 3%, &7 1RSI K 3R B G 75
BIAMEB RS, MR ZERARN GBS RS, mmHB TR
R B A SIS S, W uERR T RSN, AT AR KR
BRI e 75 e U B B o PRI, K SRGKE SR SR RSN ZE R TV (E2S
2RI J7 v B E A SRR S 2 RIS R AR E 5, AR
FE AR PR AR Lz, B AT R S SR 2R 4 A 2R AR 0 G 7 e A 2
RSB ERE M. E2.6 (o) AR HH SRR SRS,

BRI 7 Ty e p g ~115 dB rad” [ He (@UE) | by 1kem SMF-28 G4 HIEL I

A 20dB, Xl BIE L .
M 2.6 BLLEH (d) BIYEHERIGUBOR B M BT AR, BEREATHS
i (o) thiur, HitEAXR

Py, =10l0g, (k)= IN+G+N
=174—IN+G+N (2-3)

o b PR LB H L, TR, IV A A SR AR RECR

22 AN IER (dBm). G EHRBCR IR (dB), N BURERIGES 25 (O
FA B9 SRR 28 R Mini-cireuit 23 7] (0% 524 ERA-5+, HI¥509 18dB, IS &
HN 4.5), HAT OB A A OGN THER, AT 1 o B S 4 HH 2
2, i1 B AL SR S 1 Hk 7R R 10dB, AR-A BN 23 Wl 45 SR 38 AR

N, szibeh @ Stanford Research System, SR760 1T HLAt45iEk 7347,
HEREEEmE 2.6 (O Fx, JNEEIERIEME, g R1EmE
PLABE AT

R R A T S0 5 B AT A M A R B A SR VR A, BRI BH, BEATS
YRR, FEMEME U R E AR A A RORE S A T I SRk sh . Rk
R 35 & HEAT IR SRS B3 DL R SR 2 Bhiim 12 DA K 4 50 a4 18 i AR/ i B2 S AR )
igh. IXETRE i A6 K MR PR e 75 %ot S8 BN 2

2= PR, W 2.6 i, BITOGIRIOR e, R B AR A o
FBC (FFT) (MR 6 AT Z08OR 38 10 L FARE B R AT T S MR 42 5 45
F R 7 S TR TR A A e 7, PR % U 22 B T DA R M Bt T AR 2

G TR
2.2. 3 A AEARER BB DER

1. 1308m Je&F A i #ig =

18



b E A R B R S LT 5 R A AT R A B it XL/2016 S

{a} Dfuan tieory plus Wanser theary
(b) Duan theory (offset by 2.50B) plas Wanser theary|
{3 Hisuse noise of 13081 fher

Phase Noise (4B radVHz)

140 !
Ea ] &1 1 10 L] 06l 000 A0

Fourier Frequency {Hs})
B 2.7 1308m SMF-28 F.4F ALE#M R 5 M & 4 R

B 2.7 (¢) BMERTIA 1308m A9 SMF-28 Ye£ AR # et 75 (1l & 45 5
& 2.7 (a) /& Duan Hig A Wanser BB FHERWE M. TEIIFRRSECRE
FE 2.1,

%01 T U RS SMF-28 A4E #7025

Property Notation Value
Wavelength A 1550 nm
Temperature : T 300K

Refractive index temperature dnfdT 9.2x10¢ /K
coefficient
Effective refractive index n 1.468
Thermal expansion o, 5.5x107 /K
coefficient
Thermal conductivity K 1.37 W/(mK)
Thermal diffusivity D 8.2x107 m¥s
Boundary condition K e 3.846x10° /m
parameter
Boundary condition - ki 3.848x10* /m
parameter
Bulk modulus of the material E, 1.9%x10° Pa
Cross-sectional area of the A 4.91x107 m?
fiber
Loss angle &, _ 0.01

AUEH, MAXTHE (2, SERBIFAEERMXEH—4> 2.5dB K E K
F > 2% Duan B THEE LI E T, S35 S ER TN (B 2.7 (b))
IR LR AR . HBLXA 2.5dB WE HFRIER TR, Pk

Fef SR B Bo SR BRI N L Kz RO B A, (ERAEMRIX I,

T B R A PR B SE IS FR A . W 2.7 (b) F1 2.7 () Fiian, HiZETEE M 0.2Hz
F| 20KHz, LHRHESELTNEEECRFENERT. JENT 0.2Hz
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Yo ARG FTRAEFNERAR/EFL

B, TR RSN S BUR E BB AL AR KT 20K Hz AR 75 2 5% B A9
Y AT R N P AL SR A L R 7

2. WA RAERMEFE HRAKERXR

R B Wanser B & Duan Bify, H4 T ED A R RS 25
455 B 3647 AT B B BB K BE R IE o BRIAS IR 258 4 BIHEAT T 06 T
(R B A 327ms 134m. 68m A1 34m IUEME. BHTRANES
BRI T ARG EFFEE A, o LA 72 A A AT F4 e 75 FA 6 1S BE 43 390 09 1308ms
536m. 272m F 136m, W 2.8 iR, MELSREH, JeF AMEHREE IR
S KERIE. XBRSEM, ek, ATALTENEE, HaAH
T P BRIz 3 52 3 K

G4

(a3 Phass najse of 327 w fiber lnterformmetor
{h) Phase nojse of 134 m fiber interferometer
{¢} Phase nolse of 62 os berinterfeeomator

(43 Phase adise of 34w fiber interferometer

BT

Phase Noise (4B ra(lzil'lz)
e

i
&

4. k3
t 0 0 Y ]
Fourier Frequency (Hz)

B’ 2.8 B ¥ E SMF-28 st 449 KIE =R B M2 25 R

. BB (PD BRI FIL A
AR4E Duan Hif: A AMERME S NIIRIEHE (PSD) IEEETHLER

fg %o [E BLAT DOEH BN AT AOHUAR RS f R PR AE AR 75 . T4

ML B Q Mk 10 [85), WA B A MIRB RN Q ERIF/LAEL,

ifi Q M GHRIFEA BRI R, FrAF ST HFEA FITTRAER /b, PURSUE
A ETTRRE T A RAWRER . Fkl L@ e inE z Rk
WNEEE A . R IRIESCER[86], RN At A SR R E I & T 64T

BRI, HESNTESMEE RN EE AL AT RE . Fik, F
ISR B 1R A P B AR R U 5 KT
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B bk 5 LR SO S A S04 ki /2016

-5

RTR% ¢

NE1 Y T _v P

Phase Noise (4B rad* i)

<28

A3 - ) PN N AR i
1 i Hed {00 ey
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Foster[8714 T f# B B EABOLARTE R X I 1 5 ke, 7E 2008
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BEMLAG S0 B KRS, TiXFMF L858 PRV B KBS S BB sI
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dU K,
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K 2 2.2 9 222 1 5
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4.1 AT HRRA RN EXRE

4.1.1 XA TFHURMNERRE
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B 4.1 RFTHURFARER
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1 4y B — R K E A L s, OAKE, H—BESKERAEERL
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TEEBNKE, MOLdTHMUHEERKEZLLAKENKEL.
BB RO E S ME N
v(t) =v, +v(r) (4-1)
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P %

o v, NEOER I OIRE,  Sv(e) ABOLE S RISRRERS.
IRl B {8 8 H A TR B B P B A A= N
#() =@, +54(t) (4-2)
K1 g, WEOGES Jyv, TR FEKEZTSRAMAGEN, 56(1)

BEIEAE T ISER TS Sy () NEEE TR A R AL .
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_ o2t
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FIRENEBIRSY (PD fARHERFEATAE, RERARESPIENEBREE PZT
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RATRASNZEAREEE /R BTE XML R, mE 43 s, B
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S — P 0

o¢
43 HREBMRIBTR/RPTH IR0 FER AOM:FE X FH

7 )

MR TH KGR RN GRS I — DRI E, BT
SEBFREF/RBTEN. B EHE (AOM) AAEBOLITR M /=, BTLk
JEHRETRIE KME 59

Vip =V, +Vp +Ksin(g+4rfit) (4-6)
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Mo MBWICBUER, WRERR:
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LE=PH Ol S RE P RS
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dt

4.1.2 AT HBRBBOL RN 4T

R ST T GO 3S SUMR PRI 3 BT 43 B P R RIS
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PR BEAE 6 T SRR e R 7 (TR B/, JE R AL B A
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A AT P S SR . OBETAAE AR RIS . SR,
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B B AT R T, 0T — By I SRR A Bk R
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